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Abstract

This paper describes a novel platform for the opto-
electronic manipulation of microparticles termed a
three-dimensional optoelectronic tweezers (3D OET)
and composed of double photoconductive layers.
The 3D OET has been successfully utilized for focus-
ing polystyrene beads onto the middle of a liquid
chamber using negative dielectrophoresis (DEP). As
a result, the microparticles are segregated from the
device surface, thus preventing the adsorption by
non-specific surface-particle interactions which were
shown to occur in a typical OET device. We have
compared the performance of 3D OET to typical OET
based on a liquid crystal display (LCD) with several
parameters, such as LCD image patterns, bead sizes
and processing times. The 3D OET has a higher par-
ticle trapping efficiency and less particle adsorption
rate than typical OET. Our novel platform would be a
useful tool for manipulating micropatrticles, including
live cells and polymer beads.
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Introduction

Manipulation technologies, such as the transport,
trapping and sorting of microparticles, as well as live
cells, are essential for performing several biological
and chemical applications, such as bead-based chemi-
cal analyses, single cell-based analyses, cell pattern-
ing, cell cultures and diagnostics in various clinical
fields. For these purposes, several mechanisms, includ-

ing optical!, magnetic?, electrokinetic®, acoustic* and
hydrodynamic® forces have been applied. Among
these principles, dielectrophoresis (DEP) is the most
favorable tool for microparticle manipulation since
the modification of a target particle is not required
and the construction of a patterned electrode array for
the parallel manipulation with lower power consump-
tion and larger manipulation area is possible®s. Re-
cently, a novel principle termed optoelectronic tweez-
ers (OET) or light-induced DEP has been proposed
by Chiou et al.’. The principle describes the replace-
ment of patterned electrodes with a pattern-less pho-
toconductive layer. As a result, the light-induced vir-
tual electrodes are formed on the photoconductive
layer by projecting a dynamic image generated from
a digital micro-mirror device (DMD). Since the OET
requires lower optical power and offers higher mas-
siveness than typical optical tweezers, it has become
a powerful technology for the parallel manipulation
of microparticles, which includes biological cells'®.
Previously, we reported a novel OET platform termed
lab-on-a-display, to supply the need for simple and
portable OET system!'!. The lab-on-a-display is con-
structed with an OET device and a liquid crystal dis-
play (LCD) without additional optical components.
As a result, the lab-on-a-display provides a more suit-
able platform for portable applications.

In typical OET device, unidirectional vertical forces
as well as lateral forces act on the particles. The verti-
cal forces provide an upward force on the particles
when a negative DEP is induced. Consequently, the
manipulated particles are positioned at the upper re-
gion of the liquid layer and frequently become attach-
ed to the top ground layer by non-specific interactions
between the particles and the surface of the device.
The non-specific interactions, including hydrophobic
and electrostatic surface-particle interactions, inter-
fere with the effective and non-contact particle mani-
pulations within the scheme of OET. In addition,
some attached particles attract other nearby particles
around them by electrostatic particle-particle attrac-
tions'>!3, thus limiting their smooth movements and
their stable long-term processes. Some relatively
small particles are sometimes put out of focus because
of their vertical movements, resulting in a low parti-
cle trapping efficiency. These problems are magnified
when the microparticles require free handling in the
channel-less environments like the OET. Additionally



in the case of biological samples which can easily be
contaminated or damaged by an external stimulus, the
interactions with device surfaces may exert fatal influ-
ences on them. Nevertheless, the particle-surface
interactions are unavoidable for a conventional OET
device, in which the vertical DEP forces, which act
on only one direction by negative or positive DEP,
are uncontrollable.

In order to deal with these problems in a typical
OET device, we need to focus the manipulated parti-
cles vertically to keep them apart from the surfaces of
the OET device, which means that the three-dimen-
sional trapping of particles, such as optical tweezers,
are required. Therefore, we suggest a novel OET plat-
form termed three-dimensional optoelectronic twee-
zers (3D OET), which are composed of double photo-
conductive layers. In the 3D OET device, the liquid
layer containing microparticles is sandwiched between
two photoconductive layers (Figure 1B) in a different
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Figure 1. Schematic diagrams of (A) optoelectronic tweezers
(OET) and (B) three-dimensional optoelectronic tweezers
(3D OET). The 3D OET device is composed of two photo-
conductive layers, while the OET device is composed of one
photoconductive layer and a ground layer.
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manner than the OET device composed of photocon-
ductive and ground layers (Figure 1A). When an AC
bias voltage is applied between two photoconductive
layers, the transmitted light beam forms virtual elec-
trodes on the surfaces of the top and the bottom pho-
toconductive layers, which result in an electric field
gradient in the liquid. This electric field gradient gen-
erates dipole moments in neutral particles and cause
DEP forces for microparticle manipulation. The vir-
tual electrodes in the 3D OET generate 3D DEP cages
which trap the particles and focus them vertically.
Consequently, the vertical focusing and 3D trapping
of the microparticles, using a 3D OET device, allows
the possibility of adsorption-free particle manipula-
tion.

Results and Discussion

Simulated Electric Field Distribution

The electric field distribution in the liquid chamber
of 3D OET was simulated and described in compari-
son to typical OET (Figure 2). The electric field was
calculated using a commercial CFD solver (CFD-
ACE++; ESI US R & D Inc., Huntsville, AL, USA).
We assumed the application of a 10 V bias at 100 kHz,
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Figure 2. Simulated electric distributions in the liquid cham-
ber of (A) OET and (B) 3D OET with an estimate of particle
movements. In the OET device, the microparticles would be
moved upward and adsorbed at the surface of the ground
layer following a negative DEP. For 3D OET, the micro-
particles would be focused onto the middle of the liquid
chamber and segregated from the surface of the top layer.
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to the illuminated area of the bottom photoconductive
layer of both devices. In the OET device, all areas of
the top ground layer were assumed to be a ground. In
contrast, for the 3D OET device, only the illuminated
area of the top photoconductive layer, which is the
same as the bottom photoconductive layer, was as-
sumed to be a ground. We could find the electric field
differences between OET and 3D OET through the
simulation study.

According to the simulation results, the micropar-
ticles following negative DEP would move in the di-
rection of the dark region (which has a strong electric
field region) to the light region (which has a weak
electric field region). That is, the microparticles in
the 3D OET device would be focused onto the middle
of the liquid layer and segregated from the surface of
the device (Figure 2B). Consequently, we can mani-
pulate the target particles free from any surface-parti-
cle interactions, when using the 3D OET device. In
addition, since the DEP force acting on a particle is
proportional to the gradient of the square of the elec-
tric field, the focused particles in 3D OET can move
faster than those in typical OET.

Vertical Focusing of Microbeads
Microscopic images at three different heights-bot-
tom, middle and top- of the liquid chamber are shown
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in Figure 3. In the 3D OET device, the polystyrene
beads were successfully focused onto the middle of
the liquid layer (Figure 3B), while adsorbed on the
surface of the top ground electrode by electrostatic
surface-particle interactions in the OET device (Figure
3A).

Increased Trapping Efficiency

We measured the particle trapping efficiency in the
OET and 3D OET devices by counting the number of
moving particles in both devices under the experi-
mental condition, at which the attached particles are
not moved. Figure 4A shows the percentage of mov-
ing particles by several LCD images in the OET and
3D OET devices. The images appear gradually dur-
ing 60 s, forming the letters “I”, “X” and “O”. We
assumed that the microparticles were uniformly
spread out at the initial state, to allow the calculation
of the percentage of particles moved by those images
over the total number of particles. The percentage of
particles successfully moved by 3D OET was about
twice as much as in typical OET. Moreover, the mic-
roscopic photographs of the concentrated particles by
LCD images which formed the letter “O” (the inside
of dotted lines is dark region) in the OET and 3D OET
devices are shown in Figure 4B. The particle trapping
efficiency by DEP forces was significantly increased
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Figure 3. Microscopic pho-
tographs as a function of the
heights of the liquid layers
of the (A) OET and (B) 3D
OET devices. The schematic
diagrams of cross-sections
are also represented. In the
3D OET device, the polysty-
rene beads (45 um diameter)
were focused onto the mid-
dle of the liquid layer, while
being adsorbed on the sur-
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face of the ground layer by
negative DEP in the OET
device.
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Figure 4. (A) The percentage of moving beads by several
LCD images in the OET and 3D OET devices (mean = stan-
dard deviation, n=5). The images appear gradually over 60
s, forming the letters “I”, “X” and “O”. (B) The microscopic
photographs of the polystyrene beads (45 um diameter) were
concentrated by the OET and 3D OET devices. An LCD
image appeared gradually over 60 s, and formed letter “O”.
The microbeads should have been moved to the inside of the
dotted line.

in the 3D OET.

Effect of Bead Size

The percentage of moving particles according to
the particle size in the OET and 3D OET devices is
shown in Figure 5. While less than 50% of particles
could be moved without adsorption in OET devices,
only a few particles were adsorbed in 3D OET de-
vices. We could more clearly delineate the superior
performance of the 3D OET by comparing the per-
centage of displaced 90 wm diameter particles in a
120 um gap height liquid chamber. The adsorption of
microparticles by surface-particle interactions be-
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Figure 5. The percentage of moving beads according to
bead size in the OET and 3D OET devices (mean = standard
deviation, n=5). The gap height in the liquid chamber was
120 um and a 20 V bias at 100 kHz was applied.

comes more apparent when we manipulate relatively
larger beads. For 3D OET, we could manipulate most
of the 90 um diameter beads, despite their relatively
larger size. In contrast, more than 90% of the micro-
beads were adsorbed onto the surface of the upper
ground electrode and failed to be successfully mani-
pulated in the OET device.

Time Domain Analysis

To investigate the time-dependant phenomenon of
particle adsorption in the OET device, compared to
the 3D OET device, we measured the percentage of
moving beads in each device over a specific period of
time. The result of the time domain analysis is des-
cribed in Figure 6. While the percentage of moving
beads in the OET device decreases with time, most of
the particles in the 3D OET device were continuously
moved without attachments. The attached particles in
the OET induced strong electrostatic attractive forces
which drew other particles around them, and thus
interferes with the continuous particle manipulation
over the long term. This became a serious issue when
a long-term particle manipulation was required. We
can solve the problem by using the 3D OET which
can continuously prevent the particle-particle aggre-
gations as well as the particle-surface interactions.

Conclusions

In this paper, a 3D OET made up of two photocon-
ductive layers as a pair, for 3D trapping and manipu-
lation of microparticles has been developed. We have
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successfully manipulated polystyrene beads without
attachment using 3D OET on a LCD. The performance
of the 3D OET was compared with OET for several
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Figure 6. The percentage of moving beads according to time
in the OET and 3D OET devices (mean =+ standard deviation,
n=5). While the number of moving beads in OET decreases
with time, most of the particles in the 3D OET device were
moved continuously without adsorption.
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parameters including: 1) LCD image, 2) bead size
and 3) manipulation time. For the 3D OET device,
about 90% of target particles were successfully mani-
pulated on continuous basis for a relatively long period
of time (t=450s), while about 50% of particles were
adsorbed onto the surface of the device or focused
out by vertical forces in the OET device. In the case
of the 90 um diameter beads in the 120 um liquid layer
gap height, about 95% of the beads were adsorbed
onto the device surface of the OET. In contrast, we
could successfully demonstrate the adsorption-free
particle manipulation using 3D OET regardless of the
particle size and the height of liquid layer. The higher
trapping efficiency and adsorption-free particle mani-
pulation resulted in the 3D OET platform to be a
more compatible tool for the microparticle manipula-
tion in medical and biological applications.

Materials and Methods

Device Fabrication

We used an indium tin oxide (ITO) layer for the
transparent and conductive layer in the ground layer
of the OET device. Both of the photoconductive layers
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Figure 7. Fabrication processes of the OET (left) and 3D OET devices (right). The fabrication processes for the photoconductive
layers of each device were identical. For the 3D OET, the liquid layer containing microparticles is sandwiched between two pho-

toconductive layers.



in the OET and 3D OET devices were comprised of
four layers: 1) a 180 nm thick ITO layer, 2) a 50 nm
thick n* doped hydrogenated amorphous silicon (n™*
a-Si: H) layer, 3) a 800 nm thick intrinsic hydrogenat-
ed amorphous silicon (intrinsic a-Si : H) layer, and 4)
a 20 nm thick silicon nitride (SiNy) layer. In this study,
the ITO-coated glass substrates (Samsung-Corning
Precision Glass, Asan, Korea) were used to fabricate
the photoconductive layers of our devices. Further-
more, a triple layer of nt a-Si: H, intrinsic a-Si: H
and SiN, was consecutively deposited by plasma
enhanced chemical vapor deposition (PECVD) onto
the substrate. Next, some regions were etched for bias
connections by a reactive ion etch (RIE) to expose the
ITO layer. After dicing the fabricated device into 37.5
mm X 25.0 mm sections, a wrapping wire was con-
nected for biasing. Finally, we turned one photocon-
ductive layer upside down and placed it on the top of
the other photoconductive layer at the regular gap
space using double-stick tape as a spacer. While utiliz-
ing the OET device, the ITO ground layer was replac-
ed in the upper photoconductive layer of the 3D OET
device. The fabrication processes of each device are
shown in Figure 7.

Experimental Setup and Analysis

To operate the OET and 3D OET devices, a 1.3
inch monochromatic LCD module was used!', con-
sisting of a 800 X 600 pixel array with a 33 um pixel
pitch. A standard presentation software program
(Microsoft PowerPoint™) and an interactive control
program (which we developed) was utilized for the
automatic image pattern formations in Figures 4 and
5, and the long-term pattern manipulation in Figure 6,
respectively.

Plain polystyrene beads (PolySciences, PA, USA)
were used for the particle manipulation in the 20 V
bias condition at 100 kHz. The sample was prepared
by diluting de-ionized water (conductivity-0.23 mS/m).
A sample droplet was sandwiched between two photo-
conductive layers (or a photoconductive and a ground
layer) using 120 um thick double-stick tape as a spa-
cer. Next, the bias voltage, which was produced from
a function generator (AGF3022: Tektronix, USA) was
applied.

Two illuminations of the microscope were used:
one for actuation and the other for observation. The
downside illumination (with high intensity) was used
for actuation, (i.e. to create the image for virtual elec-
trodes) whereas, the upside illumination (with low
intensity) was used for observation since it was diffi-
cult to see the particles in a dark region without the
upside illumination. To measure the bead velocities,
we recorded the bead movements and analyzed the
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video files with an analysis program which we devel-
oped using MATLAB. The microscopic pictures,
except for Figure 4A, were taken without any image
patterns of LCD, because the optical observation of
the beads in the dark region was limited for the 3D
OET device. Furthermore, to observe and capture the
displaced particles in the dark region, we brightened
the whole LCD area with a full white screen after all
manipulation processes were completed.
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